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&RQWDFW SUHVVXUH DQG SUHWHQVLRQ LQ EROWVDQDO\VLV KDV EHHQ PDGH HDVLHU LQ UHFHQW \HDUV GXH WR WKH DYDLODELOLW\ RI KLJK
FRPSXWDWLRQDOFDSDELOLWLHVDQGIOH[LELOLW\ LQ WKHFRPSXWDWLRQDOPHWKRGVXVLQJILQLWHHOHPHQWDQDO\VLV ,Q WKHSUHVHQWZRUNRQH
VXFKDQDO\VLVLVFDUULHGRXWEOHQGLQJWKHKDQGFDOFXODWLRQVDQGVWHDG\VWDWHILQLWHHOHPHQWDQDO\VLVWRHYDOXDWHWKHFRQWDFWSUHVVXUH
LQ D KLJK SUHVVXUH VWHDP WXUELQH FDVLQJ 7KH ZRUN LQYROYHV GHVLJQ FRQVLGHUDWLRQV GHVLJQ FKHFNV YDOLGDWLRQ DQG VHQVLWLYLW\
DQDO\VLVWRDFKLHYHWKHGHVLJQFULWHULDWR IXOILOO WKHVWUXFWXUDOUHTXLUHPHQWVIRUPHFKDQLFDOLQWHJULW\'XULQJWKHODVWVHYHUDO\HDUV
WKHSULPDU\FKDQJHVWRWKHGHVLJQRIVWHDPWXUELQHVKDYHIRFXVHGRQLPSURYLQJWKHLUHIILFLHQF\UHOLDELOLW\DQGUHGXFLQJRSHUDWLQJ




H[KDXVWVWHDPIURPWKLVVHFWLRQLV UHWXUQHG WRWKHERLOHU IRUUHKHDWLQJEHIRUHEHLQJXVHG2QOHDYLQJ WKHERLOHU UHKHDWHUVWHDP
HQWHUV WKH LQWHUPHGLDWH SUHVVXUH WXUELQH DW q& DQG  EDU SUHVVXUH )URP WKH LQWHUPHGLDWH SUHVVXUH WXUELQH WKH VWHDP
FRQWLQXHVLWVH[SDQVLRQLQWKHWKUHH/RZSUHVVXUHWXUELQHV7KHVWHDP HQWHULQJWKHWXUELQHLVDWq&DQGEDU7RJHWWKH
PRVWZRUNRXWRI WKHVWHDP WKHH[KDXVWSUHVVXUH LVNHSWYHU\ ORZ7KHFDVLQJ WKXV ZLWQHVVHVHQHUJ\RI WKHVWHDPWXUQHG LQWR
ZRUNLQ+3DQG,3VWDJHV 6RWKHGHVLJQRIWKHFDVLQJLVDYHU\LPSRUWDQWDVSHFW
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 ,QWURGXFWLRQ
7KH$60( %RLOHUDQG3UHVVXUH9HVVHO&RGH  FRQWDLQ UXOHVIRUFLUFXODUDQGQRQFLUFXODUSUHVVXUHYHVVHOVRI
XQUHLQIRUFHG DQG UHLQIRUFHG FRQVWUXFWLRQ 7KHVH UXOHV FRYHU WKH VLGHV UHLQIRUFLQJ ULEV DQG HQG SODWHV RI VXFK
YHVVHOV)RUEROWHG IODQJHG FRQQHFWLRQVRI VXFKQRQFLUFXODU SUHVVXUHYHVVHOVZKLFK DUH HPSOR\HG H[WHQVLYHO\ LQ
LQGXVWU\KRZHYHUQRGHVLJQUXOHVDUHSUHVHQWO\LQFOXGHGLQWKH FRGH$V HDUO\DV¶VWKHUHZHUHVRPHSLRQHHU
OLWHUDWXUHSXEOLFDWLRQVRQIODQJHGHVLJQE\%DFK %DFK&DQG :HVWSKDO%DFK¶VZRUN GLVFXVVHGGHIOHFWLRQV
DQGVWUHVVHVRIYDULRXVVKDSHV WKLV IRUPHGWKHEDVLVRI µ%DFKPHWKRG¶LQIODQJHGHVLJQZKLFKZDVXVHGIRUPDQ\
\HDUV:HVWSKDO  IXUWKHU VKRZHG WKDW IODQJH WKLFNQHVV FRXOG EH UHGXFHG E\ D IHZPRGLILFDWLRQV LQ%DFK¶V
DSSURDFK 7KH WKHRU\ RI HODVWLFLW\ KDV EHHQ H[WHQVLYHO\ HPSOR\HG LQ DQDO\VLV DQG GHVLJQ RI EROWHG IODQJHG
FRQQHFWLRQV :DWHUV DQG 7D\ORU 7LPRVKHQNR DQG RWKHUV KDYH SURSRVHG DQDO\WLFDO PHWKRGV EDVHG RQ WKHRU\ RI
HODVWLFLW\IRUWKHDQDO\VLVRIEROWHGIODQJHV0F.HQ]LHHWDO  XVHG DWZRGLPHQVLRQDO SKRWRHODVWLF WHVWPHWKRG
WRPHDVXUH DQG DQDO\]H WKH VWUHVV DQG VWUDLQ GLVWULEXWLRQ LQ VWHDP WXUELQH IODQJHV7KH SKRWR HODVWLF WHVWPHWKRG
SURYHGWREHYHU\XVHIXOLQWKHGHVLJQRIIODQJHV/DWHUKHHPSOR\HGDILQLWHHOHPHQWSODQHVWUHVVSURJUDPWR DQDO\]H
IODQJH VWUXFWXUH 7KH UHVXOWV VKRZHG D JRRG DJUHHPHQW EHWZHHQ H[SHULPHQWDO DQG FDOFXODWHG YDOXHV RQO\ XQGHU































DQG WKH EROWV 7KH UHPDLQLQJ GLPHQVLRQV VKRZQ LQ )LJXUH DUH DUELWUDULO\ FKRVHQ WR VXLW WKH GHVLJQ XQGHU
FRQVLGHUDWLRQ
7KHIODQJHGHVLJQLVEDVHGRQWKHJDXJHSUHVVXUH ¨S  3L  3R 7KHPDLQIRUFHVDFWLQJRQWKHIODQJHV GXHWRWKH
SUHVVXUHGLIIHUHQFHDUH VKRZQLQILJXUH1RPHQFODWXUHVRIWKHHTXDWLRQVIURPWRDUHVKRZQLQWDEOH
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VLQ  DD S'W33\ '  
7KHPRPHQWDFWLQJRQWKHIODQJHGXHWRWKHSUHVVXUHGLIIHUHQFHLVJLYHQE\
















DOLQHDUIDVKLRQ7KHPRPHQWRIWKHWZRRSSRVLQJUHDFWLRQIRUFHV DUH 5 DQG5 DFWLQJRQWKHIODQJHIDFH
 [5[50 W  
)URPHOHPHQWDU\PHFKDQLFVZHNQRZ WKDW IRUDQ\V\VWHPLQHTXLOLEULXPWKH VXPRI WKHPRPHQWVRIDOO IRUFHV
DFWLQJLQLWLVHTXDOWR]HUR6LQFHWKHIODQJHLVWREHGHVLJQHGIRUVXIILFLHQWVWUHQJWKDWLWVPLQLPXPVHFWLRQ µEK¶ ZH
VKDOOWDNHWKHVXPRIPRPHQWV RIDOOWKHIRUFHVDFWLQJZLWKUHVSHFWWRWKLVVHFWLRQ
[5[5F3U3K4V400 [\[\WS    
7KHIRUFHVDFWLQJRQWKHVHFWLRQ µEK¶ RI WKHIODQJHFDQEHREWDLQHGIURPWKHHTXDWLRQ
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7KHIRUFHH[HUWHGRQWKHEROWVZLOOEH













EHDGRSWHGWRGHVLJQ WKHVWHDPWXUELQH FDVLQJ 7KHILQLWHHOHPHQWDQDO\VLVJLYHVDFRPSOHWHSLFWXUHRIPHFKDQLFDO
EHKDYLRXURIWKHIODQJHVWUXFWXUHVDQGGHVLJQJXLGHOLQHVZLWKRXWFRVWO\H[SHULPHQWV
7DEOH ,QSXWVFRQVLGHUHG 7DEOH  2XWSXWREWDLQHGIURPHTXDWLRQ
'HVFULSWLRQ 8QLWV
&DVLQJWKLFNQHVV W F  PP
)ODQJHKHLJKW K  PP
)RUFH 4  1
'LVWDQFHIURPEROWFHQWUHWRFDVLQJ
FHQWUH P  PP
,QFOXGHGDQJOHEHWZHHQIODQJHWLSWR
FDVLQJFHQWUH Į 
)RUFH 4[  1
)RUFH 4\  1
)RUFH 3  1
)RUFH 3[  1
)RUFH 3\  1
'LVWDQFHEHWZHHQEROWFHQWUHDQG 4\ V  PP
'LVWDQFHEHWZHHQEROWFHQWUHDQG 3\ U  PP
'LVWDQFHEHWZHHQEROWFHQWUHDQG 3[ F  PP
0RPHQWDFWLQJRQWKHIODQJH 0S  1PP
'LPHQVLRQ [  PP
'LPHQVLRQ [  PP
)DFWRU 1 1 
5HDFWLRQIRUFH 5 5  1
5HDFWLRQIRUFH 5 5  1
)ODQJHEHQGLQJVWUHVV ıI  03D
)RUFHH[HUWHGRQWKHEROWV 5  1
%ROWEHQGLQJVWUHVV ıE  03D
5HTXLUHGLQLWLDOEROWWHQVLRQ3UHORDG )3%ROW  1
7DEOH DUHWKHRXWSXWVREWDLQHGZKLFKKDYHEHHQFDOFXODWHGXVLQJWKH HTXDWLRQV WR2EWDLQHGIODQJHEHQGLQJ
VWUHVV03DDOORZDEOHVWUHVV03DKHQFH WKH GHVLJQLVVDIH
'HVFULSWLRQ 8QLWV
,QVLGHSUHVVXUH 3,  03D
2XWVLGHSUHVVXUH 32  03D
,QQHUGLDPHWHU '  PP
$OORZDEOHVWUHVV ı  03D
$VVXPHGUDWLRRIIODQJH
KHLJKWWRFDVLQJWKLFNQHVV KWF 
%ROWGLDPHWHU G  PP
%ROWWKUHDGSLWFK S  PP
%ROWSLWFK W  PP
&DSQXWGLDPHWHU Q  PP
'LVWDQFHIURPFDVLQJRXWHU
HGJHWREROW N  PP
'LVWDQFHIURPEROWWRFDVLQJ
LQQHUHGJH I  PP











x 7KHEROWLVDSSOLHG ZLWKD SUHWHQVLRQ RI H1 VKRZQLQ)LJXUH
)LJ%RXQGDU\&RQGLWLRQV )LJ %ROW3UHWHQVLRQDSSOLHGRQEROWV





4   
3   
55   
5   
7KHUHVXOWVREWDLQHGE\DQDO\VLVDUHDOPRVWHTXDOWRWKHFDOFXODWHG YDOXHV ZKLFKDUH VKRZQLQ7DEOH7KHHUURU
H[FHSW LQ WKHFDVHRI IRUFH 5FDQEHQHJOHFWHG6LQFH WKHZKROH IDFHRI WKHEROWZKLFK LV LQFRQWDFWZLWK WKH WRS
FDVLQJFDQQRWEHVHOHFWHGWRGHWHUPLQHWKHUHVXOWDQWWKHHUURUFDQEHMXVWLILHG$VWKHIRUFHVFDOFXODWHGKDYHJRRG





RI WKH FDVLQJ XVLQJ 8QLJUDSKLFV DV VKRZQ LQ )LJXUH 7DEOH  DQG 7DEOH  JLYHV WKH FDOFXODWHG DQG DGRSWHG
GLPHQVLRQVRIWKHFDVLQJ















 &DVLQJWKLFNQHVV    
 )ODQJHWKLFNQHVV    
 )ODQJHZLGWK    

















 &DVLQJWKLFNQHVV    
 )ODQJHWKLFNQHVV    
 )ODQJHZLGWK    
 %ROW'LDPHWHUV 0 0 0 0
$OOGLPHQVLRQVDUHLQPP
)LJ 'PRGHORI6WHDP7XUELQH&DVLQJZLWK%ROWV





WRGHVLJQDVWHDPWXUELQH FDVLQJ 7KH ILQLWHHOHPHQWDQDO\VLVJLYHVDFRPSOHWHSLFWXUHRIPHFKDQLFDO EHKDYLRXU RI
WKHIODQJHVWUXFWXUHVDQGGHVLJQJXLGHOLQHVZLWKRXWFRVWO\H[SHULPHQWV'PRGHORIWKHWRSDQGERWWRPFDVLQJLV
JHQHUDWHG DQG VXEMHFWHG IRU DQDO\VLV &RQWDFW SUHVVXUH DQDO\VLV ZDV SHUIRUPHG WR YDOLGDWH VWUXFWXUDO LQWHJULW\ RI
FDVLQJ)LJXUH  LQGLFDWHVEDVHOLQHJHRPHWU\RISDUWLQJSODQHRIVWHDPWXUELQHFDVLQJZLWKRXWUHOLHI,QWKLVEDVHOLQH
GHVLJQWKHUHTXLUHGFRQWDFWSUHVVXUH ZDV QRWDFKLHYHG+HQFH DIHZGHVLJQPRGLILFDWLRQVZHUH GRQHWRWKHERWWRP





1752   K. Laxminarayan et al. /  Procedia Materials Science  5 ( 2014 )  1745 – 1754 
FDVLQJLV DQDO\VHG WRUHGXFHWKHFRPSXWDWLRQDOWLPHLQ)($SDFNDJH+HQFHRQHVHFWRURIWKHV\VWHPLVFRQVLGHUHG
IRUWKHDQDO\VLV7KHDQDO\VLVLVFDUULHGRXWE\DSSO\LQJGHVLJQSUHVVXUHRI03DDQGEROWSUHWHQVLRQORDGRIH
1 LQ $16<6 DQG UHVXOWV DUH YDOLGDWHGZLWK DQDO\WLFDOPHWKRG /LQHDU VWDWLF DQDO\VLV LV FDUULHG RXW WR GHYHORS D
FXVWRPPDGHPHWKRGRORJ\WRYHULI\WKHFRQWDFWSUHVVXUHDWSDUWLQJSODQH&RQWDFWSUHVVXUHDFKLHYHGDWWKHSDUWLQJ
SODQHVKRXOGEHWKUHHWLPHVWKHLQWHUQDOSUHVVXUH7KLVHQVXUHVWKDWWKHFDVLQJLVVDIHDQGWKHUHZLOOQRWEHDQ\VWHDP
OHDNDJH &KURPLXP VWHHO LV XVHG IRU FDVLQJ DQG EROWV PDWHULDO ZLWK\LHOG VWUHVV RI  03D <RXQJ¶V PRGXOXV
03DGHQVLW\NJP DQG3RLVRQ¶VUDWLR
)LJ*HRPHWU\ ZLWKRXW UHOLHI )LJ*HRPHWU\ZLWKUHOLHI
)LQLWH (OHPHQW0RGHO
)LJ )LQLWH(OHPHQW0RGHO
)LJXUH  VKRZVWKH )($PRGHOXVHGIRUDQDO\VLV7KH HOHPHQWW\SHXVHGIRUDQDO\VLVLV 6ROLGQRGHG
7HWUDKHGURQ 1RRIHOHPHQWV 1R RIQRGHV 7DEOH  DQG 7DEOH VKRZWKH ORDGVFRQVLGHUHGRQWKH




























$    
%    
&    
'    
(    
)    
*    
+    
,    
-    
.    
/    
0    
1    
5HVXOWVDQG'LVFXVVLRQV
)LJ &RQWDFW3UHVVXUH QRW DFKLHYHG )LJ &RQWDFW3UHVVXUHDFKLHYHG
)LJXUH  H[SODLQVWKHUHTXLUHGFRQWDFW SUHVVXUH LV OHVV'XH WRWKHODFNRIFRQWDFWSUHVVXUHWKHVWHDPPD\OHDNDW
WKH ZKHHO FDVH 7KLV UHTXLUHV VRPH GHVLJQ PRGLILFDWLRQ WR EH GRQH DW WKH SDUWLQJ SODQH WR DFKLHYH WKH UHTXLUHG
FRQWDFW SUHVVXUH6R D UHOLHI LV SURYLGHGWRWKHERWWRPFDVLQJ XSWR HQGRIKLJKSUHVVXUHVWDJHVRDVWRLQFUHDVHWKH
FRQWDFWSUHVVXUHWRWKHUHTXLUHG H[WHQW )LJXUH VKRZV WKH FRQWDFW SUHVVXUH LVLQFUHDVHG DIWHUSURYLGLQJUHOLHI
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)LJ 7RWDO'HIRUPDWLRQ )LJ 9RQ0LVHVVWUHVVGLVWULEXWLRQIRU&DVLQJ
7KHWRWDOPD[LPXPGHIRUPDWLRQLVIRXQGWREH  PP DV VKRZQLQILJXUH7KH9RQ0LVHVVWUHVVGLVWULEXWLRQ
IRUWKHFDVLQJLVVKRZQLQILJXUH7KHSHDNVWUHVVHV DUHIRXQG WREH 03D
 &RQFOXVLRQV
7KHFODVVLFDOPHWKRGLQFRPELQDWLRQZLWKNQRZOHGJH EDVHGHQJLQHHULQJLVXWLOL]HGWRLGHQWLI\WKHWULYLDODUHDVLQ
WKH GHVLJQ RI WXUELQH FDVLQJ &XVWRP PDGH PHWKRGRORJ\ LV GHYHORSHG WR DFKLHYH WKH VWUXFWXUDO LQWHJULW\ RI WKH




WKDW WKH RSWLPL]HG FDVLQJ JHRPHWU\ VKDOO EH XVHG DV GHVLJQ PRGLILFDWLRQ IRU IXWXUH &RPSDULQJ WKH UHVXOWV IURP




%DFK&  9HUVXFKH8EHUGLH:LGHUVWDQVIDKLJNHLWHEHQHU3ODWWHQ %HUOLQ*HUPDQ\6SULQJHU9DULDJ
%ODFK$	%D]HUJXO$0HWKRGVRI$QDO\VLVRI%ROWHG)ODQJHG&RQQHFWLRQV D5HYLHZ :5&%XOOHWLQ2FWSS
&KRL : )OHXU\ ( 6RQJ * 	 +\XQ -6  $ OLIH DVVHVVPHQW RI VWHDP WXUELQH URWRU VXEMHFWHG WR WKHUPR PHFKDQLFDO ORDGLQJ
XVLQJLQHODVWLFDQDO\VLV (QJLQHHULQJ0DWHULDO SS
+ROPEHUJ (2 $[HOVRQ . $QDO\VLV RI 6WUHVVHV LQ &LUFXODU 3ODWHV DQG5LQJV:LWK $SSOLFDWLRQ WR ULJLGO\ $WWDFKHG )ODW +HDGV DQG
)ODQJHV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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.RVW\XN$	)URORY9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0FNHQ]LH +::KLWH '- 6QHOO & 'HVLJQ RI 6WHDP7XUELQH )ODQJHV $ 7ZR'LPHQVLRQDO 3KRWRHODVWLF 6WXG\ -RXUQDO RI  6WUDLQ
$QDO\VLV-DQSS
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
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